An island and bay structure which interrupts the two-dimensional nature of a coastline is considered with respect to its influence on alternating geomagnetic fields. A numerical method is used to investigate the perturbation of the fields by such a three-dimensional structure. The results for three periods of a uniform inducing field are considered and contour plots of amplitudes and phases are given. The three-dimensional structure considerably perturbs the induced current flow and thus the electric and magnetic fields associated with the coastline. The results indicate that induced currents may be channelled by shallow bays and channels. A higher conducting deep mantle structure is included in the model and results which may be attributed to mutual coupling between ocean and mantle currents occur.
Introduction
Recently Lines (1972) has considerably extended the numerical approach to the three-dimensional geomagnetic perturbation problem developed by Jones & Pascoe (1972) . In this extension, Lines has introduced a grid of variable mesh dimensions, and also has extended the method to enable consideration of certain more general problems, in particular ones in which vertical discontinuities may extend to the grid boundaries and in which the electric source field at these boundaries is parallel to the strike of such discontinuities. Using these extensions, Lines & Jones (1973a, b) have investigated several simple three-dimensional island and island and coastline structures. From the work by Lines & Jones it was found that the presence of a small island near a larger one considerably alters the current flow around the single island as well as the associated magnetic fields. Also, the presence of an island near a coastline changes the two-dimensional sea-land discontinuity to a three-dimensional perturbation problem. The presence of such a nearby island considerably distorts the fields associated with a uniform sea-land boundary.
The effects of coastal features as well as islands are of considerable interest. Recently Bennett & Lilley (1971) have made measurements near the Australian coast to obtain an estimate of the coast effect. Also Edwards, Law & White (1971) have studied geomagnetic variations in the British Isles and have suggested that current concentrations flow in the shallow seas and channels around the islands.
Many measurements are made in coastal regions and on coastal islands (e.g. recently by Nienaber, Aud & Dosso (1973) on Vancouver Island), and so more information on the perturbation of the natural fields by such structures will be useful. in the present work a model which consists of an island and bay which interrupts the 627 Downloaded from https://academic.oup.com/gji/article-abstract/36/3/627/585695 by guest on 03 February 2019 two-dimensional nature of the coastline is considered. Furthermore, a relatively deep higher conductivity region which may be associated with an underlying mantle is included. This higher conductivity region is deeper under the continental region of the model than under the sea. Several frequencies of a uniform inducing source field are considered, and the results are presented in the nature of two-dimensional contour maps of the amplitudes of the various components.
Description of the model
The model used is shown in Fig. 1 . It consists of an island and bay-like configuration near a continental coastline with an associated shelf-like structure. The island is 4 km wide and 6 km long. The shelf is 2 km wide and 1 km deep along the Fb. 1. The model used. The dimensions near the conductivity discontinuities are to scale. but the distances to the boundaries of the mesh are not to scale.
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The Table 1 Conductivities and skin depths for the frequencies used Table 2 Grid spacing for the three directions (in kilometres) coast, behind the island and at the ends of the island. Also, there is a higher conductive mantle-type structure at some depth below the surface. The conductivities used for the ocean, island and continental region (crust) and the mantle are given in Table 1 together with the skin depths for these conductivities for the various source periods. The model is described over a variable grid which consists of a 25 x 25 x 25 array of points. Table 2 gives the dimensions used for the variable grid. The position of the surface of the conducting region within the grid is indicated by the vertical line in the z-direction dimensions. In Fig. 2 is shown the surface region near the island and bay structures. The region illustrated in this figure is the inner 12 x 12 uniform grid region of the x -y surface plane. This is the region over which the coiltours of Figs 4-6 are plotted. The conductivity configuration in the y -z plane perpendicular to the coastline at some distance from the is!and and bay is shown in Fig. 3 . This figure illustrates the twodimensional conductivity configuration which is solved to provide boundary and initial values for the model. 
Equations and boundary conditions
If we consider a two-dimensional model as illustrated in Fig. 3 in which the electric field vector of the source is polarized in the x-direction parallel to the coastline at some distance from the island and bay, then the equations for the two-dimensional E-polarization case (Jones & Price 1970) This last equation must be solved in all regions with the appropriate value of Q inserted for each region, and with consideration of the usual internal boundary conditions. The conditions on the outer boundaries of the two-dimensional grid are discussed in detail by Jones & Price (1970) .
After a solution for Ex is obtained over the two-dimensional region illustrated in Fig. 3 , the values obtained from this solution are used to assign external boundary values to the three-dimensional grid and initial values within the three-dimensional mesh. The three-dimensional perturbation method of Jones & Pascoe (1972) , and Lines & Jones (1973a, b) and described in detail by Lines (1972) is then employed to give a solution for the electric field components within the mesh. The electric field values are normalized such that Ex = (1.0,O-0) at the grid boundary on the surface of the conductor over the ocean. The magnetic field components are then obtained by taking the curl of the electric field. The source field is thus assumed to have a sinusoidal time variation and the electric field at a great distance from the island and bay is polarized in the direction parallel to the coastline.
Results and discusion
In two-dimensional problems which have been previously considered, the currents are always confined to flow in vertical planes. In three-dimensional problems such as we are now considering, electric currents flowing in higher conductivity regions towards an interface with a lower conductivity region will in general be able to at least partially leak away laterally as well as vertically as discussed by Jones & Price (1970) and this effect will be apparent in the results presented here.
Amplitude contours of the six field components for the three periods are given in Figs 4-6 for the uniform grid region near the island and bay. In Fig. 4 we see that the Ex contours are perturbed to a greater extent for the shortest period and become less perturbed as the period increases. In this figure we see the effects of the local perturbation due to the three-dimensional island and bay structure and the associated local concentrations of current which decrease with distance from these structures. Also, we see the effect which extends to infinity in the positive and negative y-directions on the current distribution and fields due to the different conductivity distributions with depth in the positive and negative y-directions. The effects illustrated for ( E x ( are similar to those of the corresponding component IE,I for the simpler island and coastline model illustrated by Lines & Jones (1973b) . Lines & Jones (1973b) used 30-min period (frequency N 0.00055 Hz) which lies between the 0401 Hz and 04003Hz used here. It is seen that at the shortest period the contours are considerably affected by the bay structure adjacent to the island, and this effect is felt for some distance inland from the coast.
In the contours for IH, I given in Fig. 4 we see that near the centre of the island and across the bay adjacent to the centre of the island the perturbation of IH, I is very small. At shorter period we see that there are four relative maxima in IH,I associated with the island and bay structures. At longer period these maxima shift position slightly, and in addition there are two further relative maxima at some distance inland. Also, the amplitude of H , is greater for the shortest period. The results of Fig. 4 indicate that the bay-like structure behind the island perturbs the amplitude contours for H, more for the shorter periods then for the long period, as would be expected.
In Fig. 5 we see very clearly the effect of the lateral component of current as the currents are deflected around the island as mentioned above. From the position of the maxima in the /EyI contours we see that the current appears to be deflected into the bay and channel between the island and coast. Also, the IE,I component maxima are large for shorter period and relatively small for the longest period. It is interesting to note that although there is an indication of a maximum in IE,I at some distance inland for 0.01 Hz and also for 0-0003 Hz, this is not apparent at 0-001 Hz. Also, there are two maxima at the outer corners of the island at the shortest and longest periods which are not present at the intermediate period. Since at 0.01 Hz, the skin depth in the ocean is 2.52 km, most of the current will flow in the ocean near the surface. At 0-001 Hz, the skin depth in the ocean is 7-96 km. Perhaps in the 0.001 contours we are seeing the effects of the mutual electromagnetic coupling between the ocean and mantle structure. This does not account for the reappearance of the maxima close to the outer corners of the island for 04003 Hz, unless in this case the mutual coupling is such as to again produce these maxima. It is very interesting that the intermediate period is so destructive to these secondary ' maxima.
The amplitude of H,, the magnetic field component normal to the coastline, is also shown in Fig. 5 . It is seen that this magnetic field component is depressed in the region around the island over the sea and bay. Also, there are two relative maxima in this component near the ends of the island. The relative changes in this component are greater for the shorter periods and less as the period increases. In general the contours are labelled to only two significant figures, and so in some cases adjacent contours may have the same value where the changes are small, but the trends are still evident from the figures. It is seen from this figure that the distortion of the lHyl contours extends farther inland for the short period than for the longer periods.
The vertical electric and magnetic field components are contoured in Fig. 6 . Discussions concerning the IE, I component and charge distributions on boundaries are given by Lines & Jones (1973b, c) as well as by Nyland (1973) . For IEJ, relative maxima on the continent as well as the island are apparent. In the contours for IE, I there are also two further maxima in the +x directions from the ends of the island. These are associated with the shelf structure which bends outward around the island, where the currents in the ocean are deflected upward by the higher resistivity shelf.
The contour plots of IH,I show the perturbation of the H, Component caused by the island superimposed on the increase in H , near the coastline which is usually observed (Weaver 1963 and others behind the island and then an increase to a maximum again over the outer edge of the island, followed by a more rapid decrease on the seaside. Fig. 7 gives three-dimensional plots over the inner 21 x 21 grid at the surface of the conductive region of the amplitudes and phases of the electric field components for 0.01 Hz. These plots cover the uniform grid region in the centre as well as much of the variable gIid region, and so they are distorted since the plotting is done on a square grid. The amplitude plot of Ex shows that the perturbation of the field extends considerably inland for this period. The phase plots show that the phase of E , changes very little, but the phases of E , and E, vary considerably over the surface. In the phase of E, a quadrant nature is apparent. This is indicative of the spreading of the current laterally to go around the island. The phase plot of E, is complicated, but again we see that the E , component is perturbed by the Island and bay structure in opposite senses at either end of these structures. Fig. 8 gives amplitude and phase plots of the magnetic components over the surface of the region for the inner 21 x 21 grid points. A quadrant nature in the phase of H , is apparent from this figure. The IH,\ plot shows the relative minimum over the bay region behind the island. Also, the rapid decrease of IH,I on the sea side is apparent.
Conclusions
It is clear that the currents and fieIds are considerably perturbed by the presence of the island and bay which interrupts the continuous nature of the coastline. The currents are not confined to flow in vertical planes, and are deflected laterally by the lower conductivity island and shelf structures. The result of this bending of the currents is apparent in occurrence of the amplitude contours of IE, I as well as of the magnetic field components. Also, the phase plots show that the currents are deflected around the island. It appears from this that currents may be channelled by relatively shallow and narrow high-conductivity sea channels.
There are also effects, particularly in the E, component, the electric field component normal to the coastline, that indicate a mutual coupling between the currents induced in the sea and those flowing in the mantle. This coupling is dependent on frequency.
